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Abstract 

Background:  The development of lung adenocarcinoma (LUAD) involves the interactions between cell proliferation 
and death. Autophagy-dependent ferroptosis, a distinctive cell death process, was implicated in a multitude of dis-
eases, whereas no research revealing the relationship between autophagy-dependent ferroptosis and LUAD patho-
genesis was reported. Thus, the primary objective was to explore the role and potential function of the autophagy-
dependent ferroptosis-related genes in LUAD.

Methods:  Clinical information and transcriptome profiling of patients with LUAD were retrieved and downloaded 
from open-source databases. Autophagy-dependent ferroptosis-related genes were screened by published articles. 
The critical gene was identified as the intersection between the differentially expressed genes and prognosis-related 
genes. Patients were divided into high- and low-risk groups using the expression level of the critical gene. The validity 
of the key gene prognosis model was verified by survival analysis. The correlation between the clinical characteristics 
of LUAD and the expression level of the key gene was analyzed to explore the clinical significance and prognosis 
value. And the roles of the key gene in response to chemotherapy, immune microenvironment, and tumor mutation 
burden were predicted. The validation of key gene expression levels was further performed by quantitative real-time 
PCR and immunohistochemistry staining.

Results:  FANCD2, an essential autophagy-dependent ferroptosis-related gene by searching database, was confirmed 
as an independent prognostic factor for LUAD occurrence. The high expression level of FANCD2 was associated with 
an advantaged TNM stage, a less chemotherapy sensitivity, a low ImmuneScore, which indicated a deactivation status 
in an immune microenvironment, a high tumor mutation burden, and poor survival for LUAD patients. Pathway 
enrichment analysis showed that FANCD2 responded to oxidative stress and neutrophil-mediated immunity. Quantita-
tive real-time PCR and immunohistochemistry staining showed that the expression level of FANCD2 is higher in LUAD 
patients than in normal tissue samples, which was in accordance with the database report.

Conclusion:  FANCD2, an essential gene related to autophagy-dependent ferroptosis, could work as a biomarker, 
predicting the survival, chemotherapy sensitivity, tumor immunity, and mutation burden of LUAD. Researching 

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  wenzhsh@sysucc.org.cn
†Huikai Miao and Qiannan Ren are co-first authors.
1 Department of Thoracic Oncology, State Key Laboratory of Oncology 
in South China, Collaborative Innovation Center for Cancer 
Medicine, Sun Yat-sen University Cancer Center, 651 Dongfengdong, 
Guangzhou 510060, People’s Republic of China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-022-09314-9&domain=pdf


Page 2 of 18Miao et al. BMC Cancer          (2022) 22:225 

Background
Lung adenocarcinoma (LUAD) is one of the most com-
mon malignant tumors in the world, demonstrating a 
rising trend in recent years [1]. Due to the high recur-
rence and metastasis, traditional treatments, such as sur-
gery, radiotherapy, and chemotherapy, could not meet 
all LUAD patients’ needs. Although immunotherapy has 
been shown to improve survival in LUAD patients, the 
5-year overall survival rate is only 23% [2]. The patho-
genic mechanism of LUAD should be further elucidated 
to discover a new effective treatment strategy.

The tumor heterogeneity, including immune micro-
environment and tumor mutation burden, could affect 
immunotherapy effectiveness. Ferroptosis is also 
involved in T cell immunity and cancer immunotherapy. 
The increased ferroptosis contributes to the anti-tumor 
efficacy of immunotherapy [3].

Ferroptosis is an iron-dependent form of regulated cell 
death that is characterized by the excess reactive oxy-
gen species (ROS) generation and lethal accumulation of 
lipid peroxidation [4–6]. Ferroptosis has been implicated 
in multiple physiological and pathological processes, 
including cancer cell death and T-cell immunity [7]. 
Autophagy-dependent ferroptosis is featured by exces-
sive autophagy and lysosome activity [8]. The influence of 
ferroptosis, especially autophagy-dependent ferroptosis, 
on the tumor microenvironment needs further study.

The iron metabolism and homeostasis could be influ-
enced by immune cells and related molecules [9]. 
Immune cells in the microenvironment play crucial roles 
in maintaining iron metabolism balance [10]. The exces-
sive activation of ferroptosis in tumor cells can lead to 
exposure to tumor antigens, which activate the immune 
system. Then, the immunogenicity of the microenvi-
ronment was improved, and the effectiveness of immu-
notherapy was enhanced [11]. Immunotherapy can 
activate CD8 + T cells to enhance the lipid peroxidation 
in tumor cells, which further increases ferroptosis in 
turn [3]. Therefore, targeting ferroptosis to improve the 
effectiveness of cancer immunotherapy might become a 
prospective strategy. In the clinical applications of immu-
notherapy, tumor mutation burden (TMB) is emphasized 
as an emerging feature and a biomarker of immunother-
apy response [12, 13]. TMB is defined as the total number 
of somatic, coding, base substitution, and indel mutations 
per megabase of genome examined [14]. Each of these 
mutations results in the generation of one protein that is 

a new antigen and could be recognized by the immune 
system [15]. Highly mutated tumors are more likely to 
carry neoantigens, making them become the targets for 
activated immune cells [14].

In this study, we comprehensively analyze the genome 
of LUAD, identify autophagy-dependent ferroptosis-
related genes closely associated with the prognosis and 
chemotherapy sensitivity, further construct and vali-
date the predictive model of the key gene, and explore 
the relationship with immune infiltration and tumor 
mutation. Our findings may help generate personalized 
treatment and improve the clinical outcomes of LUAD 
patients.

Materials and methods
Workflow
A multi-step approach was used to identify and ana-
lyze the autophagy-dependent ferroptosis-related key 
gene in LUAD. The transcriptome and clinical informa-
tion were downloaded from The Cancer Genome Atlas 
(TCGA) project and Gene Expression Omnibus (GEO) 
data. Autophagy-dependent ferroptosis-related genes 
were screened by the published articles. Differentially 
expressed genes (DEGs) related to autophagy-dependent 
ferroptosis were identified. Univariate and multivariate 
Cox analyses were applied to screen out the independ-
ent prognosis genes related to overall survival (OS). The 
key gene was identified by the intersection of the DEGs 
and the prognostic genes. The LUAD patients were clas-
sified into the high-risk and low-risk groups based on the 
key gene expression level. Kaplan-Meier (K-M) analysis 
and receiver operating characteristic (ROC) curve were 
conducted to analyze the survival prognosis of patients 
in TCGA and GEO cohorts. Chemotherapy sensitivity 
was predicted between different risk groups. Gene ontol-
ogy (GO) and Kyoto encyclopedia of genes and genomes 
(KEGG) were conducted to investigate the potential bio-
function of the key gene. ImmuneScore was calculated 
using the Tumor Immune Estimation Resource (TIMER) 
algorithm, and the TMB was counted as the total number 
of mutations per megabyte of tumor tissue.

LUAD patients dataset processing
All the RNA-Seq data were normalized as fragments per 
kilobase of transcript per million mapped reads. mRNAs 
ensemble gene identities were derived from the HUGO 
Gene Nomenclature Committee (HGNC) database. The 

autophagy-dependent ferroptosis and targeting the FANCD2 may offer a new perspective for treating and improving 
prognosis in LUAD.
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corresponding clinical information includes age, gender, 
tumor grade, lymph node metastasis, AJCC TNM stages, 
and survival outcomes. Patients with insufficient clini-
cal data were excluded. OS was estimated as the primary 
endpoint.

Construction and validation of an autophagy‑dependent 
ferroptosis‑related gene signature
Autophagy-dependent ferroptosis-related genes were 
retrieved from the literature published before January 
2021. After combining the related mRNA expression and 
the clinical data, the gene expression files were obtained. 
The DEGs between LUAD and normal lung tissues were 
identified with a false discovery rate (FDR) < 0.05 in the 
TCGA cohort. Univariate and multivariate Cox analyses 
of OS were performed to screen the genes with prog-
nostic values in TCGA-LUAD cohort. The key gene was 
identified by the intersection of the DEGs and the prog-
nostic genes in the TCGA cohort. The cut-off score was 
defined as the median expression level of the key gene 
in the LUAD cohort. Patients were stratified into high-
risk and low-risk groups based on the cut-off score. To 
choose appropriate matching cohorts to perform sur-
vival analysis before selecting prognostic-related genes, 
we performed propensity score matching to reduce the 
selection bias between the high- and low-risk groups. 
Propensity scores were estimated using age, gender (male 
versus female), TNM stage (I, II, III, IV), Tumor stage 
(T1, T2, T3, T4), Lymph Node stage (N0, N1, N2, N3) 
and Metastasis stage (M0, M1) in TCGA-LUAD cohort. 
In the same way, propensity scores were estimated using 
age, gender (male versus female), TNM stage (I, II, III, 
IV), and TP53 (Wild versus Mutant) in the GEO cohort. 
The prognostic value and the clinical correlation of the 
key gene were both validated between the high- and low-
risk groups in TCGA and GEO cohort (GSE116959). The 
time-dependent ROC curve analyses were conducted to 
evaluate the predictive power of the key gene. The mRNA 
expression level of the key gene in various types of can-
cers was identified in the Oncomine database [16]. The 
mRNA and protein expression of the key gene in LUAD 
were determined using the Gene Expression Profiling 
Interactive Analysis (GEPIA) and The Human Protein 
Atlas (HPA) database [17, 18]. To verify the correlation 
between ferroptosis and LUAD outcome, we also analyze 
the survival value of GPX4 in the LUAD cohort, which is 
the master regulator of ferroptosis [19].

Chemotherapeutic response prediction
We analyzed the commonly used chemotherapy drugs, 
including pemetrexed, cisplatin, gemcitabine, paclitaxel, 
vinorelbine, docetaxel, doxorubicin, etoposide, erlo-
tinib, and gefitinib [20]. The chemotherapeutic response 

prediction was made based on the TCGA-LUAD cohort 
using the “pRRophetic” R package [21]. The half maximal 
inhibitory concentration (IC50) of patients in different 
risk groups were compared.

Functional enrichment analysis
The biological functions and pathways of the key gene 
were elucidated through the DEGs between the high-risk 
and low-risk groups. GO enrichment and KEGG pathway 
analyses [22] were then assessed in DAVID database. The 
correlation analysis of the key gene with tumor prolif-
eration and cell cycle markers was conducted in GEPIA 
database [17].

Correlation between the key gene and tumor immune cell 
infiltration
The enrichment levels of immune cells were quantified 
by the Tumor Purity, Estimate Score, Immune Score, 
and Stromal Score in each sample. The tumor immune 
cell infiltration was calculated by Single Sample Gene 
Set Enrichment Analysis (ssGSEA). Then we analyzed 
the correlation between the key gene expression and the 
abundance of infiltrating immune cells (B cells, CD8+ T 
cells, CD4+ T cells, macrophages, neutrophils, and den-
dritic cells) via The Tumor IMmune Estimation Resource 
(TIMER) database [23].

Analyses of somatic mutations and TMB estimation
The somatic mutation profiles of LUAD patients were 
downloaded from TCGA database. The mutation fre-
quency with the number of variants/the length of 
exons (38 million) were calculated for each sample. The 
OncoPlot of the top 10 mutated genes was plotted. The 
detailed mutational information, including the variant 
classification, the number of variant type, and the single-
nucleotide variant (SNV) class, were displayed. Then we 
assessed the correlation between the key gene expression 
and the TMB levels.

Quantitative real‑time PCR and immunohistochemistry
The mRNA and protein expression of the key gene in 
LUAD were determined using quantitative real-time 
PCR (qRT-PCR) and immunohistochemistry. The clini-
cal tissue samples of LUAD were obtained from patients 
who received surgery in Thoracic Oncology Department 
of Sun Yat-sen University Cancer Center, which was 
approved by the Institutional Review Committee of Sun 
Yat-sen University Cancer Center. The detailed proce-
dure was performed according to strict adherence to the 
manufacturers’ instructions.

For qRT-PCR, 24 paired LUAD and normal tissues 
were resected and stored in RNAlater immediately. 
Total RNA was extracted using TRIzol reagent. cDNA 
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was synthesized from total RNA using cDNA reverse 
transcription kit (Thermo Fisher Scientific). qRT-PCR 
was performed using the SYBR Green PCR kit (Thermo 
Fisher Scientific). The housekeeping gene GAPDH was 
used as an endogenous control. Primer information: 
FANCD2: 5′- AAA​ACG​GGA​GAG​AGT​CAG​AATCA-3′ 
(forward) and 5′- ACG​CTC​ACA​AGA​CAA​AAG​GCA-
3′ (reverse); GAPDH: 5′- GGA​GCG​AGA​TCC​CTC​CAA​
AAT-3′ (forward) and 5′- GGC​TGT​TGT​CAT​ACT​TCT​
CATGG-3′ (reverse). The cycle threshold (Ct) of each 
gene in samples was recorded. Relative quantification 
was calculated as 2-ΔCt (ΔCt values = target gene mean 
Ct value - control gene mean Ct value).

Twenty pairs of LUAD immunohistochemistry samples 
were fixed using 10% formalin and embedded in paraffin. 
Immunohistochemistry was carried out using the pro-
cessed 5 μm continuous sections. Samples were dewaxed 
with decreasing concentrations of 100, 95, 75, and 50% 
ethanol and washed in deionized water. The sections 
were heated in a microwave with TE buffer pH 9.0 to 
retrieve antigens. Endogenous peroxidase was inhibited 
by incubation in goat serum. Then they were incubated in 
rabbit anti-FANCD2 (Proteintech, 204006–1-AP, 1:200) 
overnight at 4 °C. Next, the sections were incubated with 
horseradish peroxidase-coupled goat anti-rabbit sec-
ondary antibody and stained using DAB Detection Kit 
(Polymer). The following process is cell nucleus stain-
ing, dehydration, xylene infusion, and mounting [24]. 
The immunohistochemical scores were scored by two 
independent pathologists. The intensity of FANCD2 
expression was scored as zero, negative; one point, weak 
staining; two points, mild staining; three points, strong 
staining. The positive stained area percentage (PSAP) of 
FANCD2 expression was scored as 1, 0–25%; 2, 25–50%; 
3, 50–75% and 4, 75–100%. FANCD2 IHC score = Inten-
sity score × PSAP score.

Statistical analysis and R software packages
Significance analysis of microarrays was used to screen 
the differentially expressed genes between the LUAD and 
normal lung tissues. Univariate Cox proportional hazards 
model was used to analyze the association between gene 
expression level and prognosis. Kaplan-Meier method 
and Log-rank test were used to evaluate the difference 
between survival curves. The continuous and categorical 
variables between the two risk subtypes were compared 
using the two-sided Wilcoxon rank-sum test and chi-
square test, respectively. Benjamini-Hochberg method 
was used to adjust for multiple hypothesis testing. All P 
values were 2-sided, and P < 0.05 was considered statisti-
cally significant.

Statistical analyses and result visualization were 
performed using R software v3.6.3, v4.0.5 and v4.1.2 

(“pheatmap v4.0.5”, “limma v3.6.3 [25]”, “survival v3.6.3”, 
“survminer v3.6.3”, “ggpubr v3.6.3”, “survivalROC v3.6.3”, 
“car v3.6.3”, “ggridges v3.6.3”, “genefilter v4.1.2”, “ggpubr 
v3.6.3”, “pRRophetic v4.1.2”, “ggplot2 v3.6.3”, “color-
space v4.0.5”, “stringi v4.0.5”, “clusterProfiler v4.1.2 [26]”, 
“enrichplot v4.1.2” and “maftools v4.1.2” R package).

Results
Characteristics of the LUAD patients from datasets
The flow chart of this study is shown in Fig.  1. 316 
LUAD patients from the TCGA cohort and 381 LUAD 
patients from the GEO (GSE116959) cohort were finally 
enrolled. The detailed clinical and tumor characteristics 
of the LUAD cohorts are summarized in Table 1. A total 
of 70 autophagy-dependent ferroptosis-related genes 
were identified from literatures and showed in Fig.  2 
[27–31]. These genes were classified into ferritinophagy, 
lipophagy, clockophagy, chaperone-mediated autophagy, 
and others according to the autophagy type.

Three steps were carried out to screen the key gene. 
First, 7 DEGs in Fig.  3a were selected. Among the 7 
DEGs, CBS, CHAC1, DPP4, FANCD2 and GCLC are 
highly expressed in LUAD tissues (logFC > 1, P < 0.05). 
However, ALOX15 and ALOX5 are lowly expressed 
(logFC < 1, P < 0.05). Second, 8 genes with prognostic val-
ues for LUAD were selected (Fig.  3b). Among the eight 
prognosis genes, the high expression level of KRAS, 
FANCD2, COPZ1, and CISD1 were related to poor sur-
vival of LUAD (Hazard ratio > 1 and P < 0.05). TMEM173, 
PEBP1, ARNTL and AGER were identified as prognosis 
protective genes (Hazard ratio < 1 and P < 0.05). Third, 
the key gene was obtained as the intersection between 
DEGs and prognosis-related genes using Venn diagrams 
(Fig. 3c). As a result, FANCD2 was identified as the key 
gene, which worked as a prognosis-related differentially 
expressed gene in LUAD.

The mRNA and protein expression levels of FANCD2 are 
higher in LUAD than in normal lung samples
The FANCD2 expression in different tumors was eval-
uated using TCGA RNA-sequencing data (Fig.  4). 
FANCD2 expression was significantly higher in various 
tumors than adjacent normal tissues, and the consistent 
findings were shown in LUAD (Fig. 5a). qPCR results pro-
vided the biological evidence by using 24 pairs of LUAD 
and sample lung tissues (Fig.  6a). After examining the 
mRNA expression level of FANCD2 in LUAD, the pro-
tein expression level was further explored by immuno-
histochemistry. The grading standards of the IHC score 
are shown in Supplementary Fig. 1. There is a higher IHC 
score of FANCD2 in LUAD tissues than normal lung 
tissues (Fig.  6b, c), which is in line with HPA database 
(Fig. 5b). In summary, the present results indicated that 
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both transcriptional and translational expression levels 
of FANCD2 were overexpressed in patients with LUAD, 
which may be involved in the pathogenesis of LUAD.

Prognostic risk model and predictability evaluation
The LUAD patients were stratified into high and low-
risk groups by the median FANCD2 expression level. 
The low-risk group is well matched by propensity score 
matching to the high-risk group both in TCGA and 
GEO cohort (Supplementary Table  3 and Supplemen-
tary Table 4). Table 2 shows the association of FANCD2 
expression and the clinical features. A high expression of 
FANCD2 achieved a significant correlation with a high 
TNM stage (P < 0.05). In the TCGA cohort, the FANCD2 
expression was defined as an independent prognostic fac-
tor after the univariate and multivariate Cox regression 
analyses (Fig. 7a). The patients in high-risk groups have 
a poor survival than the low-risk group in the TCGA 
cohort.

Similarly, relevant data from a GEO cohort (GSE35570) 
was used to validate the prognostic value of FANCD2 
expression in LUAD (Fig.  7b). And the high expression 

of ferroptosis regulator GPX4 is related to a better prog-
nosis in LUAD patients both in TCGA (P = 0.006) and 
GEO database (P = 0.006) (Fig.  7c, d). Besides the poor 
survival and a high TNM stage, the increased expression 
of FANCD2 was also related to a high frequency of TP53 
mutation (P < 0.001, Table  2). The sensitivity and speci-
ficity of the FANCD2 model were calculated by the area 
under ROC (TCGA cohort: AUC = 0.736, GEO cohort: 
AUC = 0.677), suggesting that the FANCD2 signature 
was adequate for predicting survival of LUAD (Fig.  8). 
We investigated the response to chemotherapy in high- 
and low-risk patients with LUAD. We found that 29 
chemotherapeutic drugs displayed significant differences 
in estimated IC50 between high and low-risk patients 
and that high-risk patients showed increased sensitivity 
to all 29 chemotherapies (Fig. 9).

Functional annotation of DEGs in different risk groups
GO and KEGG pathway enrichment analyses were used 
to evaluate the possible functions and pathways of the 
DEGs. There is a total of 80 DEGs between the high and 
low expression level of FANCD2 in the TCGA-LUAD 

Fig. 1  A research framework for the exploration procedure and comprehensive analysis of the autophagy-dependent ferroptosis-related gene. 
LUAD, Adenocarcinoma of lung; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; mRNA, messenger RNA; K-M, Kaplan-Meier; GO, 
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TMB, Tumor Mutational Burden
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cohort, which are shown in Supplementary Table 7. The 
top five GO terms were “response to reactive oxygen 
species”, “regulation of peptidase activity”, “neutrophil 

degranulation”, “neutrophil activation involved in 
immune response”, and “neutrophil activation” (Fig. 10 a). 
The top five pathways were “phagosome”, “antigen pro-
cessing and presentation”, “human T-cell leukemia virus”, 
“Th17 cell differentiation”, and “salmonella infection” by 
KEGG enrichment (Fig. 10 b).

The results of GO analysis showed that these DEGs 
might be involved in response to reactive oxygen spe-
cies and immune processes. The data were consistent 
with our results that FANCD2 is correlated with ferrop-
tosis and immune responses. Pathway enrichment anal-
ysis revealed that DEGs might be enriched in pathways 
related to phagosome and antigen processing and presen-
tation, indicating that these genes function in autophagy 
and immune system.

In the correlation analysis we can see that FANCD2 is 
associated with tumor proliferation markers, including 
KI67 (R = 0.59, P < 0.001), PCNA (R = 0.53, P < 0.001), and 
cell cycle markers, incluidng CDK1 (R = 0.60, P < 0.001), 
CDK2 (R = 0.57, P < 0.001), CDK4 (R = 0.21, P < 0.001), 
CDK6 (R = 0.23, P < 0.001) (Fig. 11).

Association between FANCD2 and immune‑related scores
The potential immune mechanisms of LUAD were fur-
ther explored through the scoring of tumor immune 
components (TumorPurity, ESTIMATEScore, Immu-
neScore, StromalScore) and immune infiltrating cells 
counted according to immunity-enriched groups 
(Fig.  12). Each patient in the LUAD cohort was scored 
by the above indicators. The immune cell infiltration lev-
els changed along with the FANCD2 gene copy numbers 
(Fig. 13). The LUAD patients with a high expression level 
of FANCD2 had a low ESTIMATEScore (Fig. 13a), Immu-
neScore (Fig. 13b), and StromalScore (Fig. 13c), but high 

Table 1  Clinical and tumor characteristics of the LUAD cohorts

LUAD adenocarcinoma of lung, TCGA​ The Cancer Genome Atlas, GEO Gene 
Expression Omnibus, No number, T tumor, N regional lymph node, M metastasis, 
NA not available, OS overall survival

TCGA cohort GEO cohort

No. of patients 316 381

Age (median, range) 64 (33–86) 69 (38–89)

Gender
  Female 163 (51.6%) 166 (43.6%)

  Male 153 (48.4%) 215 (56.4%)

Tumor
  T 1–2 275 (87.0%) NA

  T 3–4 41 (13.0%) NA

Node
  N 0–1 267 (84.5%) NA

  N 2–3 49 (15.5%) NA

Metastasis
  M 0 296 (93.7%) NA

  M 1 20 (6.3%) NA

TNM stage
  I 164 (51.9%) 246 (64.6%)

  II 76 (24.1%) 65 (17.1%)

  III 56 (17.7%) 56 (14.7%)

  IV 20 (6.3%) 14 (3.6%)

TP53
  Wide type NA 287 (75.3%)

  Mutant type NA 94 (24.7%)

Survival status
  OS years (median) 2.19 2.24

Fig. 2  Autophagy-dependent ferroptosis-related gene sets which were identified from literature
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TumorPurity (Fig. 13d) was found in the high expression 
of FANCD2. Neutrophil cell infiltration levels seemed to 
associate with altered FANCD2 gene copy numbers in 
LUAD positively (cor = 0.15, P < 0.001, Fig.  14), which is 
consistent with the GO results of neutrophil degranula-
tion, neutrophil activation involved in immune response, 
and neutrophil activation in Fig. 10a.

The landscape of mutation profiles in LUAD cohort
The most frequent driver mutations of the LUAD cohort 
were displayed in oncoplot, where various colors with 
annotations represented the different mutation types 
(Fig.  15). Then, the top 5 mutated genes in LUAD with 
ranked percentages were exhibited, including P53 (47%), 
TTN (41%), MUC16 (40%), RYR2 (34%), and CSMD3 
(34%). These mutations were further classified accord-
ing to different mutation categories. Findings indicated 

that missense mutation accounted for the most frac-
tion (Fig.  16a), and single nucleotide polymorphism 
(SNP) occurred more frequently than insertion or dele-
tion (Fig.  16b), and C > A was the most common single 
nucleotide variants (SNV) in LUAD (Fig. 16c). The LUAD 
patients with a high expression level of FANCD2 showed 
a higher TMB (P < 0.001, Fig. 16d), which suggested that 
FANCD2 could work as a TMB marker and play a role in 
prediction of response to immunotherapy.

Discussion
LUAD is a common malignancy with high morbid-
ity and mortality [1]. The development of LUAD often 
involves genetic abnormalities and immune dysfunc-
tion [32]. Iron metabolism could influence malignant 
biological behaviors and impact the tumor microen-
vironment [33]. The increase of labile iron in cancer 

Fig. 3  The identification of the key gene from the autophagy-dependent ferroptosis-related genes in the TCGA-LUAD cohort. a There are 7 DEGs 
that were differentially expressed in LUAD and normal lung tissue. b There are 8 prognostic genes that were related to the overall survival of LUAD. c 
FANCD2 is identified as the key gene differentially expressed and prognostic-related to LUAD. DEGs, Differentially Expressed Genes
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cells can facilitate DNA replication [34] and induce the 
occurrence of ferroptosis to participate in and acceler-
ate tumor progression [4].

Ferroptosis is a programmed cell death in which 
multiple signaling molecules interact in the tumor 
microenvironment and synergistically regulate tumor 
progression [35]. Ferroptosis has a dual role in tumor 
promotion and suppression [36]. On the one hand, the 
induced tumor cell ferroptosis inhibit tumor metas-
tases, is involved in drug resistance, and influences 
cancer immunotherapeutic efficacy [37, 38] . On the 
other hand, ferroptotic damage could contribute to 

inflammation-related immunosuppression within the 
tumor microenvironment and promote tumors’ growth 
[36, 39].

The role of ferroptosis in LUAD has not been elabo-
rated. Our research provides a new perspective for the 
development of LUAD. Ferroptosis was once considered 
a novel cell death process distinct from apoptosis, necro-
sis, and autophagy [4]. However, studies from autophagy-
deficient cells suggested that ferroptosis was a type of 
autophagy-dependent cell death in some conditions [8]. 
Autophagy, including ferritinophagy [40, 41], lipophagy 
[28], clockophagy [42, 43], and chaperone-mediated 

Fig. 4  The transcription levels of FANCD2 in different types of cancers in TIMER database. TIMER: The Tumor IMmune Estimation Resource

Fig. 5  The expression levels of FANCD2 in LUAD and normal lung tissues in databases. a The mRNA expression level of FANCD2 in GEPIA database. 
b The protein expression level of FANCD2 in HPA database. GEPIA, Gene Expression Profiling Interactive Analysis; HPA, The Human Protein Atlas; N, 
number
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Fig. 6  The expression levels of FANCD2 in LUAD and normal lung tissues in the SYSUCC cohort. a The mRNA expression level of FANCD2 is 
higher in LUAD than normal lung tissues by qRT-PCR. b The typical immunohistochemical images of FANCD2 in LUAD and normal lung tissues. 
c The immunohistochemical score of FANCD2 is higher in LUAD than in normal lung tissues. qRT-PCR, Real-Time Quantitative RT-PCR; IHC: 
immunohistochemistry

Table 2  Baseline characteristics of the patients in different risk groups

LUAD adenocarcinoma of lung, TCGA​ The Cancer Genome Atlas, GEO Gene Expression Omnibus, y years, NA not available

Characteristics TCGA-LUAD cohort GEO-LUAD cohort

High risk Low risk P value High risk Low risk P value

Gender(%) 0.09 0.25

  Female 71 (46.4%) 88 (57.1%) 112 (58.9%) 103 (53.9%)

  Male 82 (53.6%) 66 (42.9%) 78 (41.1%) 88 (46.1%)

Age (%) 0.17 0.99

   < 65y 74 (48.4%) 60 (39.0%) 52 (27.4%) 52 (27.2%)

   ≥ 65y 79 (51.6%) 94 (61.0%) 138 (72.6%) 139 (72.8)

TNM stage 0.03 0.01
  I-II 112 (73.2%) 120 (77.9%) 152 (80.0%) 159 (83.2%)

  III-IV 41 (26.8) 34 (22.1%) 38 (20.0%) 32 (16.7%)

TP53 NA < 0.001
  Wide type – – 132 (69.5%) 155 (81.1%)

  Mutant type – – 58 (30.5%) 36 (18.8%)
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autophagy [42], could promote ferroptosis through lipid 
peroxidation. As we know, GPX4 is an essential regula-
tor of ferroptotic cancer cell death [44]. GPX4 is closely 
related to the tumor stage and promotes acquired chem-
oresistance by suppressing ferroptosis [45]. GPX4 inhibi-
tor could augment the anticancer effect of platinum drugs 
in lung cancer brain metastasis. And GPX4 inhibition 
synergizes with radiation to induce ferroptosis in LUAD 
by enhancing cytoplasmic lipid peroxidation [46]. Our 
study shows that the high expression of GPX4 is related 
to a better prognosis in LUAD patients. And the func-
tional analysis of FANCD2 is mainly enriched in response 

to oxidative stress and ROS, which indicated the role of 
ferroptosis in LUAD.

FANCD2 (FA complementation group D2) contrib-
utes heterogeneously to Fanconi anemia (FA), a genetic 
disorder characterized by birth defects, progressive bone 
marrow failure, and cancer-prone phenotype [47]. The 
patients with aberrant expression of FANCD2 possess 
abnormality in chromosomal breakage and hypersensi-
tivity to DNA crosslinking agents [48]. As a DNA damage 
response regulator, FANCD2 also regulates ferroptosis 
sensitivity by inhibiting iron accumulation and lipid per-
oxidation in an autophagy-independent manner [49, 50]. 

Fig. 7  Kaplan-Meier survival analysis of FANCD2 and GPX4 in TCGA-LUAD and GEO-LUAD cohort. a The high expression of FANCD2 is related to poor 
survival in the TCGA-LUAD cohort. b The high expression of FANCD2 is associated with poor survival in the GEO-LUAD cohort. c The high expression 
of GPX4 is associated with good survival in the TCGA-LUAD cohort. d The high expression of GPX4 is related to good survival in the GEO-LUAD 
cohort
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Fig. 8  ROC curve of the FANCD2 risk score in TCGA-LUAD and GEO-LUAD cohort. The risk score is shown by the receiver operating characteristic 
curve for predicting survival of the TCGA cohort (a) and the GEO cohort (b). ROC curve, receiver operating characteristic curve

Fig. 9  Chemotherapeutic response prediction of 29 chemotherapies in the high- and low-FANCD2 groups in TCGA-LUAD cohort
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Fig. 10  Representative results of GO (a) and KEGG analyses (b) of the high- and low-FANCD2 groups in the TCGA-LUAD cohort. GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes
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FANCD2 has an intricate relationship with tumors. The 
heterozygous and somatic mutations of FANCD2 were 
reported in various malignancies, including pancreatic 
cancers and squamous cell carcinomas [51, 52]. The over-
expression of FANCD2 was involved in metastasis-prone 
melanomas [53] and colorectal cancer [54]. In our study, 

FANCD2 was identified as an autophagy-dependent fer-
roptosis-related key gene in the LUAD occurrence after 
comprehensive analysis. However, the exact mechanism 
of how FANCD2 influences LUAD outcome is complex, 
which probably includes more than its role in ferroptosis, 
DNA damage and cell cycle.

Fig. 11  The correlation analysis of FANCD2 with tumor proliferation and cell cycle markers in GEPIA database
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Fig. 12  The enrichment levels of immune-related process and immune score in TCGA-LUAD cohort

Fig. 13  The correlation between FANCD2 and ESTIMATE Score (a), Immune Score (b), Stromal Score (c), Tumor Purity (d) which calculated by 
ssGSEA. ssGSEA: Single Sample Gene Set Enrichment Analysis
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Immune cells could regulate tumor ferroptosis dur-
ing cancer immunotherapy [3]. Besides, ferroptosis also 
could regulate immunity activity within the tumor micro-
environment [39]. The potential connection between the 
behavior of immune cells in the tumor microenviron-
ment and ferroptosis needs to be further studied. In our 
study, the high expression of FANCD2 group achieved a 
high fraction of neutrophil, which revealed that the fer-
roptosis-related gene FANCD2 might be closely associ-
ated with neutrophil-mediated tumor immunity.

Following the above findings, the antigen process-
ing and presentation contents were enriched by KEGG 
analyses. In adaptive immunity, neutrophils play a signifi-
cant role in internalizing antigen and regulating antigen-
specific responses [55]. When ferroptosis occurred, the 
dead cells released the immunogenic signals, such as lipid 
mediators. Subsequently, the antigen-presenting cells, 
including neutrophils, were attracted to the site of fer-
roptotical cells [39]. A multitude of recruited neutrophils 
further activated the immune system to resist the inva-
sion of pathogenic factors. Abnormal and uncontrolled 
ferroptosis may be implicated with invalid immunity [39]. 

Our research indicated that high expression of FANCD2 
induced aberrant ferroptosis and further contributed to 
the abnormality of anti-tumor immunity in patients with 
LUAD.

TMB level has demonstrated utility in selecting 
patients for response to immunotherapy and has proven 
to be an essential biomarker for patient selection. 
Patients in high TMB benefit more from immunotherapy, 
which provided a new avenue to make LUAD treatment 
more precise [56]. In our study, the LUAD patients with 
a high expression level of FANCD2 achieved a high TMB, 
indicating that these patients may gain more benefit from 
immunotherapy than those with a low FANCD2 expres-
sion level. Among the mutation genes, tumor suppressor 
gene inactivation, such as P53, is very common in LUAD 
[57]. P53 activation has been explored to be essential in 
some other activities to suppress tumor progression [58, 
59], whereas the anti-P53 activity traditionally drives cell 
senescence, cell cycle arrest, and apoptosis [60].

Additionally, P53 was correlated with ferroptosis, 
and it could inhibit cysteine uptake and sensitize cells 
to ferroptosis. Studies revealed that the sensitivity of 

Fig. 14  The correlation between the FANCD2 expression level and six immune cells infiltration level in TIMER database
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ROS-induced ferroptosis was markedly increased in 
P53-activated cells [61]. Our study found that P53 is the 
most frequently mutated gene and positively correlated 
with a higher FANCD2 expression level, which indicated 
that the P53 mutation might activate the FANCD2-medi-
ated ferroptosis and increase the response of immuno-
therapy in LUAD.

However, there are several limitations of our study. 
The role of ferroptosis in LUAD outcome and the role 
of FANCD2 in LUAD ferroptosis have not been fully 
clarified. The function of FANCD2 may include tumor 
ferroptosis and DNA damage, and cell cycle, which 
influence the outcome of LUAD together.

Fig. 15  Oncoplot of the most frequently mutated genes with driver mutations in TCGA-LUAD cohort

Fig. 16  The Variant Classification (a), the Variant Type (b), the Single Nucleotide Variant Class (c) and the correlation of the FANCD2 expression levels 
with TMB (d) in the TCGA-LUAD cohort. SNP, single nucleotide polymorphism; INS, insertion; DEL, deletion; SNV, single nucleotide variants; TMB, 
tumor mutational burden
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Conclusions
Our study identified a novel autophagy-dependent 
ferroptosis-related gene, FANCD2, which was proved 
to be independently associated with OS in LUAD 
and may serve as a prognostic factor for LUAD. The 
FANCD2 expression level was negatively correlated 
with immune infiltrating levels but positively correlated 
with a somatic mutation in LUAD, which indicated that 
FANCD2 might act as a potential inhibitor to interfere 
with immune cells and revealed the possible relation-
ship and interaction between ferroptosis and immunity 
in LUAD pathogenesis. More mechanistic studies are 
needed to verify the role and function of FANCD2-
mediated ferroptosis in the LUAD in the future.
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